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ABSTRACT
5S rRNA is an integral component of the large
ribosomal subunit in virtually all living organisms.
Polyamine binding to 5S rRNA was investigated
by cross-linking of N
1-azidobenzamidino (ABA)-
spermine to naked 5S rRNA or 50S ribosomal
subunits and whole ribosomes from Escherichia
coli cells. ABA-spermine cross-linking sites were
kinetically measured and their positions in 5S rRNA
were localized by primer extension analysis. Helices
III and V, and loops A, C, D and E in naked 5S rRNA
were found to be preferred polyamine binding
sites. When 50S ribosomal subunits or poly(U)-
programmed 70S ribosomes bearing tRNA
Phe at
the E-site and AcPhe-tRNA at the P-site were
targeted, the susceptibility of 5S rRNA to ABA-
spermine was greatly reduced. Regardless of 5S
rRNA assembly status, binding of spermine induced
significant changes in the 5S rRNA conformation;
loop A adopted an apparent ‘loosening’ of its
structure, while loops C, D, E and helices III and
V achieved a more compact folding. Poly(U)-
programmed 70S ribosomes possessing 5S rRNA
cross-linked with spermine were more efficient
than control ribosomes in tRNA binding, peptidyl
transferase activity and translocation. Our results
support the notion that 5S rRNA serves as a signal
transducer between regions of 23S rRNA respon-
sible for principal ribosomal functions.
INTRODUCTION
The large subunit of Escherichia coli ribosomes comprises
two RNA species, 23S and 5S rRNA, and 33 proteins (1).
5S rRNA is the smallest RNA component of the
ribosome, 120 nucleotides long. Its secondary structure
has been extensively investigated using phylogenetic data
and a suite of biophysical and biochemical techniques,
including NMR spectroscopy and microarrays (2,3). It
consists of ﬁve helices (I–V), two hairpin loops (C and D),
two internal loops (B and E) and a hinge loop (A)
organized in a three-helix junction.
The tertiary structure of E. coli 5S rRNA in solution
is not known yet. The most detailed picture of the tertiary
structure of E. coli 5S rRNA has emerged from
models reconstructed on the basis of crystallographic
and cryo-EM analysis of the large ribosomal subunit or
the whole 70S ribosome from bacteria and archaea (4–11).
Beyond this contribution, these studies revealed that 5S
rRNA, in conjunction with proteins L5, L18 and L25,
forms the central protuberance of the large ribosomal
subunit. Extending from there it connects the upper part
of the large subunit with the peptidyl transferase (PTase)
center and the binding site of elongation factor EF-G
(Figure 1). Consistent with this 5S rRNA topography,
cross-linking and foot printing analysis (12–16), site-
directed mutagenesis studies (17) and in vitro screening
of RNA motifs interacting with 5S rRNA (18) have
indicated that 5S rRNA interacts with multiple functional
regions of 23S rRNA in E. coli ribosomes, including
helices 38 and 39, the terminal loop of helix 89, and sites
between nucleosides 2272–2345 in domain V. In parallel,
mutagenesis studies in 5S rRNA from Saccharomyces
cerevisiae (19,20) and functional substitution of 5S
rRNA within Thermus aquaticus ribosomes by antibiotics
interacting simultaneously with domains II and V of 23S
rRNA (21) demonstrated that 5S rRNA is actively
involved in diﬀerent ribosomal functions. Combined
with early studies on the reconstitution of active 50S
subunits (22, 23), this extensive investigation on the
structural and functional role of 5S rRNA led to
the hypothesis that 5S rRNA assists in stabilizing the
PTase center and in facilitating communication between
diﬀerent functional centers of the ribosome. Nevertheless,
despite the tendency in this series of experiments to
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certain cases diﬃcult to distinguish the role of 5S rRNA
per se from that of the associated ribosomal proteins.
An alternative experimental approach to investigate the
functional role of 5S rRNA is to speciﬁcally alter its
folding and to correlate the resulting conformational
changes with alterations in the function of the 50S
ribosomal subunit.
Polyamines, like other monovalent and divalent ions,
cause on 5S rRNA a conformational switch to a more
compact form (24). For instance, spermine has been found
to stabilize the secondary and tertiary structure of 5S
rRNA quite strongly, more so and in a diﬀerent way than
Mg
2+ (25). This was attributed to the hydrogen bonds
aﬀorded by all the primary and secondary amines of
spermine. Obviously, to unveil the molecular basis of
spermine eﬀect on the structure and function of 5S rRNA,
the localization of polyamine binding sites on 5S rRNA is
a prerequisite.
In the present study, mapping of spermine binding
sites in 5S rRNA was achieved by photo-aﬃnity labeling
of 5S rRNA, either free in solution or as part of 50S
subunits or whole ribosomes. In each case, the cross-
linking sites were identiﬁed by primer extension analysis.
As expected, binding of spermine to 5S rRNA caused
changes in the conformation of 5S rRNA. The inﬂuence of
these changes on several ribosomal properties was
investigated.
MATERIALS AND METHODS
Materials
[g-
32P] ATP and [a-
32P] GTP were obtained from Izotop
(Budapest, Hungary). L-[2, 6
3H] Phenylalanine was
from Moravek Biochemicals Inc. (Brea, CA, USA).
[
14C] Spermine tetrahydrochloride was from Amerscham
Biosciences Inc. (Piscataway, NJ, USA). RNase H was
purchased from Promega (Madison, WI, USA), and AMV
reverse transcriptase from Roche Diagnostics (Mannheim,
Germany). The dNTPs and ddNTPs were from
Boehringer (Mannheim, Germany). Spermine tetrahy-
drochloride, dimethyl sulfate (DMS), DMS stop
solution, puromycin dihydrochloride, thiostrepton and
heterogenous tRNA from E. coli were from Sigma
(St Louis, MO, USA). Cellulose nitrate ﬁlters (type HA;
0.45mM pore size) were from Millipore Corporation
(Bedford, MA, USA), while thin plastic sheet of PEI-
cellulose F were from Merck KGaA (Darmstadt,
Germany). 17-deoxynucleotides, used as primers in the
primer extension analysis, were synthesized by Invitrogen
(Paisley, UK). Elongation factor G (EF-G) from
E. coli was kindly provided by Prof. K. H. Nierhaus
(Max-Planck Institute, Berlin). ABA-spermine was
synthesized from methyl-4-azidobenzoimidate and sper-
mine, and puriﬁed according to Clark et al. (26).
Biochemical preparations
Polyamine-depleted 70S ribosomes, native 50S and 30S
subunits, and partially puriﬁed translation factors
were prepared from E. coli K12 cells, as reported
previously (27). 23S rRNA, 5S rRNA and total proteins
(TP50) were isolated from 50S ribosomal subunits
and activated prior to their use by incubation for 20min
at 428C in a buﬀer containing 40mM HEPES-KOH, pH
7.2, 20mM magnesium acetate and 100mM NH4Cl (28).
Ac[
3H]Phe-tRNA was prepared from heterogeneous
E. coli tRNA (Sigma), charged to  80%, 100% being
28 pmol of [
3H]Phe per A260 unit (28). Post-translocation
complex of poly(U)-programmed 70S ribosomes (POST-
complex) bearing tRNA
Phe at the E-site and Ac[
3H]Phe-
tRNA at the P-site, pre-translocation complex (PRE-
complex) containing tRNA
Phe at the P-site and
Ac[
3H]Phe-tRNA at the A-site and a ribosomal complex
(P-complex) carrying a single tRNA
Phe in the P-site were
prepared as described by Dinos et al. (29). The state of
tRNA binding (hybrid versus classical) in the prepared
ribosomal complexes was established using radioactivity
and puromycin-reactivity measurements, as well as
chemical protection assays (30). POST-complex prepared
according to this experimental protocol was reactive
against puromycin to  90%. Reconstituted 50S ribosomal
subunits from TP50, 23S and 5S rRNA were prepared by
a two-step incubation procedure (23). When required, 5S
rRNA labeled at the 30-end with [50-
32P] pCp and T4 RNA
ligase (31) or photolabeled by ABA-[
14C]spermine was
used in the reconstitution experiments. After reconstitu-
tion, each one of the samples was loaded on a 10–30%
linear sucrose gradient in buﬀer A containing 100mM
Tris–HCl, pH 7.2, 6mM MgCl2, 100mM NH4Cl and
6mM 2-mercaptoethanol. The gradients were centrifuged
for 6h at 85000g,a t4 8C. The percentage of total
reconstitution was then estimated by processing the
gradients for optical scanning at 260nm and radioactivity
counting.
Figure 1. Three-dimensional representation showing the ABA-spermine
cross-linking sites in 5S rRNA. Cross-links are superimposed on a
tertiary structure of 5S rRNA (in orange) reconstructed on the basis of
crystallographic data obtained with E. coli ribosomes (8) using the
Swiss-PdbViewer. The labeled nucleosides with ABA-spermine are
shown in red. Ribosomal proteins (L5, L18 and L25) and 23S rRNA
regions complexed with 5S rRNA are also presented.
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Naked 5S rRNA, 50S ribosomal subunits or POST-
complex were photolabeled with ABA-spermine and
puriﬁed as shown previously (32). The ABA-spermine
cross-linking sites in 5S rRNA were determined by primer-
extension analysis (33), making use of the fact that by
linking the photoprobe to a nucleoside, it acts as a barrier
for reverse transcriptase. The DNA primer used was
complementary to the 5S rRNA region encompassing
nucleosides 104–120. The entire 5S rRNA, except its
extreme 30-end (nucleosides 95–120), was analyzed in this
way. To check the extreme 30-end of 5S rRNA, modiﬁed
5S rRNA with ABA-SPM was radioactively labeled at its
30-end with [50-
32P] pCp and T4 RNA ligase and then
extended by a 38-oligonucleotide [50-(A)21(G)10(A)7-30].
The product was puriﬁed by gel electrophoresis on an 8%
(w/v) polyacrylamide/7M urea gel, excised and ethanol
precipitated. Such extended 5S rRNA was analyzed by
primer extension using a deoxy-nucleotide complementary
to the extended arm, 50-(T)7(C)10-30, as primer. The stops
of reverse transcriptase reaction were visualized on a
gel autoradiogram (33). Controls with untreated 5S rRNA
or samples photolabeled in the simultaneous presence of a
250-fold excess of spermine were run in parallel in order
to distinguish nicks in the RNA, non-speciﬁc photoincor-
poration or autonomous pauses of reverse transcriptase.
Only bands reproduced at least three times were taken into
account. To conﬁrm the results of primer extension
analysis and to search for possible photoincorporation
into positions non-recognizable by reverse transcriptase,
samples were ﬁrst hybridized with selected pairs of
11-deoxynucleotides complementary to 5S rRNA at
positions 40 nts apart, digested with RNase H, and
applied to a 8% (w/v) polyacrylamide/7M urea gel for
analysis (32). 5S rRNA, untreated or photolabeled, was
modiﬁed with DMS (32), and then subjected to primer
extension analysis.
Kinetics of ABA-spermine cross-linking
The number of cross-linking sites, the dissociation
constant (Kd) of the reversible complex between 5S
rRNA (R) and the photoprobe (L) and the Hill coeﬃcient
were estimated as shown previously (34). We assumed that
photoincorporation of ABA-spermine into 5S rRNA
proceeds as an irreversible pseudo-ﬁrst-order reaction,
nL þ R    !      
Kd
RLn ! RL 
n
where RLn is the encounter complex between 5S rRNA
and the photoprobe (non-covalently associated) and RLn
 
represents the irreversible complex formed after irradia-
tion of the sample.
Biochemical assays
To evaluate the ability of the reconstituted 50S subunits to
associate with native 30S subunits, 5 A260 units of each
subunit were incubated in buﬀer A for 30min at 378C. The
mixture was then applied to a linear 10–30% sucrose
gradient in buﬀer A, centrifuged for 6h at 85000g and
then analyzed by optical scanning at 260nm.
Binding of Ac[
3H]Phe-tRNA to the ribosomal P- and
A-sites was performed in buﬀer B (40mM HEPES-KOH,
pH 7.2, 6mM magnesium acetate, 100mM NH4Cl and
6mM 2-mercaptoethanol) containing or not containing
50mM spermine, by incubating Ac[
3H]Phe-tRNA with
poly(U)-programmed 70S ribosomes pre-ﬁlled (A-site
binding) or not pre-ﬁlled (total binding) at their P-sites
by tRNA
Phe (32). The Ac[
3H]Phe-tRNA binding was
measured by nitrocellulose ﬁltration. The P-site bound
Ac[
3H]Phe-tRNA was estimated from the total binding by
titrating the resultant Ac[
3H]Phe-tRNA poly(U) 70S ribo-
some complex with puromycin (2mM, 2min at 258C).
PTase activity of the POST-complex was assessed by the
puromycin reaction carried out at 258C in buﬀer B. When
required, 50mM spermine was also included in the
incubation mixture. The catalytic rate constant (kcat)o f
PTase and the aﬃnity constant (Ks) of puromycin were
estimated as described previously (28).
For translocation assays, aliquots of PRE-complex
(1.6pmol) were added in 12ml of buﬀer B containing
0.015mM EF-G and 0.12mM GTP. When desired,
spermine at 50mM was also included in buﬀer B. The
mixtures were incubated at 258C for speciﬁed time
intervals. Translocation was monitored by titrating the
resultant POST-complex with a solution of puromycin
and thiostrepton (28). Spontaneous translocation was
measured in the absence of EF-G. In another series of
experiments, increasing concentrations of EF-G were
added in buﬀer B containing 0.12mM GTP and PRE-
complex at a ﬁxed concentration. The reaction was carried
out for 5 min at 258C, after which translocation was again
estimated by reaction with puromycin. Possible interfer-
ence in the PRE-complex samples by POST-complex was
measured at the start of the translocation time-course and
subtracted.
To estimate the capacity of ribosomes for EF-G
binding, PRE-complex was prepared either from native
subunits (control samples) or from native 30S subunits
and reconstituted large ribosomal subunits (29). Aliquots
of these complexes (1.6pmol) were incubated at 258C for
30min in 12ml of buﬀer B containing 1mM EF-G, 10mM
GTP, 5mCi of [a-
32P]GTP (400Ci/mmol), and 0.5mM
fusidic acid. When desired, spermine at 50mM was also
included in the incubation mixture. Six microliters of each
incubation mixture were ﬁltered through nitro-cellulose
ﬁlters, washed twice with 2ml of ice-cold buﬀer B, and the
radioactivity retained on the ﬁlters was determined by
scintillation counting. Control experiments were per-
formed in which ribosomes were incubated in the absence
of EF-G, and the radioactivity measured was subtracted.
P-complex and empty ribosomes are also capable of
binding EF-G and triggering the GTPase activity of EF-G
(35,36). Therefore, the participation of such complexes in
our experimental system was quantiﬁed and used to
correct the raw data, applying Equation (1),
X
i
Bi i ¼ Bt
X
i
 i 1
5110 Nucleic Acids Research, 2007, Vol. 35, No. 15where Bi represents the EF-G GTP binding per i-type
ribosomal complex, ai is the percentage of each i-type
ribosomal complex in the mixed ribosomal population
and Bt is the total EF-G GTP binding.
Ribosome-dependent GTP hydrolysis catalyzed by
EF-G was determined in 15ml of buﬀer B containing
1.6pmol of PRE-complex, 8.8pmol of EF-G, 50mM GTP
and 5mCi of [a-
32P]GTP (400Ci/mmol). The mixture was
incubated in the presence or absence of 50mM spermine at
48C for speciﬁed time intervals. An aliquot (3ml) was
withdrawn at each time-point, and the reaction in this
aliquot stopped by adding 1ml of 11M formic acid. The
samples were kept on ice for 5min, centrifuged at 10000g
for 10min, and then analyzed by thin-layer chromatog-
raphy on PEI-cellulose F in 1M formic acid and 1M
lithium chloride. The extent of hydrolysis was quantiﬁed
using a FUJIFILM phosphoimager. [a-
32P]GTP hydro-
lysis by ribosomes solely were measured separately and
subtracted. In addition, the capacity of P-complex and
empty ribosomes to trigger the GTPase activity of EF-G
was separately measured and taken into account in data
processing.
Statistics
One-way ANOVA was used to estimate the mean values,
data variability and signiﬁcant diﬀerences between means.
RESULTS
Localization of ABA-spermine cross-linking sites in
5S rRNA
The arylazido group, ABA, is positioned 9A ˚ from the
N
1-amino group of spermine. In the dark, the photoprobe
interacts in a reversible fashion with 5S rRNA. By
irradiation at 300nm, however, the arylazido group is
converted to nitrene, which reacts rapidly and covalently
with a variety of adjacent groups of the target molecule.
Precise identiﬁcation of the cross-linking sites was
achieved by primer extension analysis, taking advantage
of the fact that reverse transcriptase pauses or stops one
position before an ABA-spermine-modiﬁed nucleoside.
The modiﬁed nucleosides were then determined by
electrophoretic and autoradiographic analysis of the
reverse transciptase products. To make the above analysis
possible in the extreme 30-end region of 5S rRNA,
the target molecule was extended after its labeling with
ABA-spermine by ligating the 50-(A)21(G10)(A)7-30 oligo-
nucleotide at its 30-end and using a primer complementary
to this extension. A representative auto-radiogram
obtained by primer-extension analysis is shown in
Figure 2A. The cross-linking sites of ABA-spermine in
5S rRNA, either free in solution or assembled into 50S
subunit and POST-complex, are summarized in a second-
ary structure model of 5S rRNA (Figure 2B). Detailed
presentation of the 5S rRNA nucleosides labeled under
various conditions is given in Supplementary Table 1. The
authentic character of the cross-linking sites was con-
ﬁrmed by RNase H cleavage of 5S rRNA modiﬁed with
ABA-[
14C] spermine, in the presence of selected pairs of
11-deoxynucleotide complementary to sequences located
40 nts apart in the primary structure of 5S rRNA
(Supplementary Table 2).
Except for helix I, ABA-spermine cross-linking
was observed throughout the 5S rRNA molecule in
both helices and loops of the secondary structure, but it
was detected more frequently in helix III and loop
C (Figure 2B). The primarily labeled nucleosides in
single-stranded regions were A and C (84%), while in
double-stranded regions the label was more equally
distributed among the four nucleosides. In most cases,
reverse transcriptase stopped at a single nucleoside.
Only three exceptions were recorded, in which two
adjacent nucleosides were modiﬁed; the one closer
to the 30-terminus corresponded to a band with
Figure 2. Primer extension analysis of ABA-spermine cross-linking in 5S rRNA. (A) 5S rRNA isolated from POST-complex photolabeled with ABA-
spermine was monitored by primer extension analysis. The primer for the reverse transcriptase was complementary to 5S rRNA positions 104–120.
U, A, G and C are dideoxy sequencing lanes. Lane 0, control (non-photolabeled sample); lane 1, sample photolabeled with 50mM ABA-spermine;
lane 2, sample like that used in lane 1, but photolabeled in the simultaneous presence of spermine in excess; lane 3, sample modiﬁed by DMS; lane 4,
sample treated like that in lane 1, and then modiﬁed by DMS. The stops of reverse transcriptase reaction due to ABA-spermine cross-linking are
shown by arrows. (B) Summary of ABA-spermine cross-linking sites, superimposed on a secondary structure diagram of E. coli 5S rRNA (cited at
http://www.rna.icmb.utexas.edu). Cross-links are marked with red (cross-linking in naked 5S rRNA), blue (cross-linking in 50S subunit) and green
arrows (cross-linking in POST-complex). Long arrows, strong cross-links; medium arrows, intermediate-strength cross-links; short arrows, weak
cross-links. For comparison, cross-links obtained by labeling naked 5S rRNA with 300mM ABA-spermine are also shown in black.
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‘stuttering’ of reverse transcriptase, observed also pre-
viously (28,32). Evidence for site-speciﬁc photo-incorpora-
tion was sought by running in parallel control
experiments, in which spermine was added in excess in
the incubation mixture during photolabeling. As shown in
Figure 2A, the authentic stops of reverse transciptase are
essentially abolished under such conditions. As detected
by additional experiments, spermine exhibited the best
competition potency, compared with spermidine and
putrescine. Monovalent ions, such as Na
+ or NH4
+ did
not compete, while Mg
2+ decreased the labeling of 5S
rRNA in a speciﬁc and dose-dependent manner. At
10mM Mg
2+, a 10% reduction in photolabeling was
recorded; nucleosides U32, A73, A52, A53, C71, A73 and
U80 were the cross-linking residues most aﬀected by
Mg
2+. In contrast, the cross-linking pattern for the
remaining positions was not signiﬁcantly altered.
An important feature of Figure 2B is that the cross-
linking pattern depends on the photoprobe concentration
and the assembly status of the target molecule. With
regards to the former factor, an increase of ABA-spermine
concentration from 50 to 300mM enhanced the suscepti-
bility of A52, A53 and G56 to the photoprobe, while it
reduced the cross-linking at nucleosides G67 and A73.
In addition, the increase of photoprobe concentration
resulted in enrichment of cross-linking by additional
sites dispersed throughout the 5S rRNA molecule.
Assembly of 50S subunit resulted in protection of several
positions from cross-linking by ABA-spermine, especially
of nucleosides belonging to helices III and V and to
loops C, D and E. In contrast, it favored cross-linking to
helix II and loop B. Finally, when 50S subunit was
incorporated into the ribosomal POST-complex, a con-
spicuous change in the susceptibility of several nucleosides
against ABA-spermine was recorded. Namely, nucleosides
A46, C47, A52, A59, C62, G69 and A73 were freshly
protected, while C42 and A108 exhibited increased
protection.
Chemical probing experiments using DMS indicated
that the protection pattern of 5S rRNA changes, when it is
incorporated into 50 subunits. In agreement with previous
observations (37), nucleosides C11, A15, C35, A57, A58,
A59, A66, A73 and A99 became protected, while nucleo-
side A78 became more accessible. Formation of the
ribosomal POST-complex reduced the susceptibility of
nucleosides C38 and A45 against DMS, but increased the
reactivity of A15 and A52. On the other hand, cross-
linking of ABA-spermine induced further alterations in
the reactivity of 5S rRNA towards DMS by increasing the
accessibility of some positions and decreasing the acces-
sibility of others. The results of the latter experiments are
summarized in Table 1.
Kinetics ofABA-spermine cross-linking to5S rRNA
Photolabeling data at various concentrations of ABA-
spermine established a sigmoidal hyperbola (Figure 3).
Therefore, they were ﬁtted to Equation (2),
B ¼
Bmax L ½ 
n
Kd þ L ½ 
n 2
using the Hill hyperbola function of the Microcal Origin
6.00 program. In Equation (2), [L] is the concentration of
the free photoprobe, B is the amount of the covalently
bound photoprobe to naked 5S rRNA, Bmax is the value
of B at saturation conditions, n is the Hill coeﬃcient, and
Kd is the overall dissociation constant of the encounter
complex between the photoprobe and 5S rRNA. From the
value of Bmax and the amount of 5S rRNA used in the
Table 1. Reactivity against DMS of 5S rRNA naked or incorporated into the ribosomal 50S subunit and POST-complex
a
Regions of
5S rRNA
Target molecule: free 5S rRNA
Experimental conditions:
b
50S ribosomal subunit POST-complex
AB A B A B
Helix I G10, C114
Helix II C63, A66, G67 C63, A66, G67 G61, C62, A66 G61, C62, A66 G61, C62,
A66
G61, A66
Helix III U32, A34, C49, A52,
A53, U55, G56
U32, C49, A52,
A53, U55, G56
C30, U32, C49,
A52, A53, U55
U32, A52, A53, U55 U32, A52,
A53
U32, (A52), (A53)
Helix IV U80, U82, C90,
U95, G96
U80 C90 C90
Helix V A73, A104 A73, A104 C71, A73, U74, A104 A73, (A104) C71, A73, U74,
G76, A104
A73, (A104)
Loop A C11, C12, A15, G107,
A108, A109
C11, C12, A15,
A108, A109
C11, C12, A15,
A108, A109
C11, C12, A15,
G69, A108, A109
C11, C12, A15,
A108, A109
C11, C12, A15,
A108, A109
Loop B C26, C27, A57,
A58, A59
A57, A58, A59 A57, A58, A59 (A58), A59 (A58), A59 A58, A59
Loop C C35, C36, C37,
C38, A39,
C42, C43, A45, A46
C35, C36, C37,
C38, (A39),
C42, C43, (A45)
C35, C36, C37, C38,
A39, C42, C43,
A45, A46
(C35), (C36), C37,
(C38), (A39), C42,
C43, (A45), A46, C47
A35, C36, C37,
C38, A39, C42,
C43, A45
(C35), (C36), C37,
(C38), (A39),
C42, C43, (A45)
Loop D U87, C88 U87, C88 U87, (C88) (C88) (C88) (C88)
Loop E A78, G98, A99 U77, (A78), (A99) U77, (A78) (A78) U77, (A78) U77, A78
aNucleosides exhibiting increased reactivity compared with that of control samples (non-labeled) are indicated in bold, while nucleosides with
decreased reactivity are shown in parentheses.
bSamples were photolabeled with 300mM (condition A) or with 50mM ABA-spermine (condition B).
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linking sites equal to 6.35.
Effect of5S rRNA photolabeling on its ability toassemble
into 50Sribosomal particles and70S ribosomes
The crude product derived from reconstitution experi-
ments using photolabeled 5S rRNA, TP-50 and wild-type
23S rRNA was found to exhibit decreased capability to
form 70S ribosomes upon association with native 30S
ribosomal subunits, compared with that obtained by
utilizing wild-type 5S rRNA. Two factors may cause
such an eﬀect. First, photolabeling of 5S rRNA molecule
may directly inﬂuence the ability of the reconstituted
particles to associate with 30S subunits. Second, reduced
ability could be the result of an impaired reconstitution,
and thus of a decrease in the net fraction of the 50S
subunits. In order to discriminate between these two
possibilities, the crude product was subjected to sucrose
gradient centrifugation and the yield of reconstitution
was estimated. As indicated in Table 2, ribosomal particles
deprived of 5S rRNA sedimented at about 47S.
Such particles, upon association with native 30S subunits,
led to the formation of 62S ribosomal complexes. When
5S rRNA photolabeled with 50mM ABA-spermine was
used as a component of the reconstitution mixture,
both 50S and 47S particles were obtained, thus resulting
in a decreased yield of 50S subunits. However, isolated
50S subunits from this mixture were fully active at
associating with native 30S subunits and forming 70S
ribosomes. In contrast, photolabeling of 5S rRNA with
300mM ABA-spermine prior to its use in the reconstitu-
tion experiments, disturbed more dramatically both the
yield of 50S subunits and their capability to associate with
native 30S subunits.
Effectof 5SrRNA photolabeling on the bindingof
AcPhe-tRNA to poly(U)-programmed ribosomes andthe
PTase activity
When 70S ribosomes obtained from reconstituted 50S
subunits and native 30S subunits were poly(U)-
programmed and incubated with equimolar amount of
AcPhe-tRNA, their capacity for binding to the P- and
A-site was found 0.171 and 0.092, respectively. AcPhe-
tRNA binding to both sites was remarkably improved in
the presence of 50 mM spermine (Table 3). At higher molar
ratio of AcPhe-tRNA to ribosomes (2:1) or at higher
concentrations of spermine (300mM), the binding was
further improved. In this series of experiments, wild-type
5S rRNA was used in the reconstitution of 50S subunits.
Next, 70S ribosomes containing 5S rRNA photolabeled
with 50mM ABA-spermine were prepared and tested
under identical conditions, but in the absence of
free spermine. As shown in Table 3, cross-linking of
ABA-spermine to 5S rRNA caused a slight, but statisti-
cally signiﬁcant improvement in the binding properties
of the modiﬁed ribosomes. Moreover, cross-linking of
ABA-spermine to 5S rRNA stimulated by 30% the
catalytic rate constant of PTase, without aﬀecting
essentially the aﬃnity of ribosomes towards puromycin.
In agreement with previous studies (22,23), 70S ribosomes
deprived of 5S rRNA displayed extremely low capability to
bind AcPhe-tRNA, particularly at the A-site. These
ribosomes also exhibited impaired PTase activity (Table 3).
Effectof 5SrRNA photolabeling on translocation
Two species of PRE-complex were tested for their
eﬃciency to translocate AcPhe-tRNA from the A- to the
P-site: one reconstituted from wild-type 5S rRNA, and
the other reconstituted from 5S rRNA photolabeled
with 50mM ABA-spermine. For the construction of
Figure 3. ABA-spermine photoincorporation into naked 5S rRNA at
various concentrations of the photoprobe. Photoaﬃnity labeling was
carried out in 15ml of buﬀer 40mM HEPES-KOH, pH 7.2, 6mM
magnesium acetate and 100mM NH4Cl, also containing 174pmol of 5S
rRNA, and ABA-spermine at the indicated concentrations; (ﬁlled
circles), speciﬁc binding; (open circles), non-speciﬁc binding estimated
by performing photolabeling in the simultaneous presence of spermine
in excess.
Table 2. Eﬀect of 5S rRNA photolabeling on 50S ribosomal subunit
assembly and the ability of the assembled particles to associate with
native 30S ribosomal subunits
5S rRNA species
a % Reconstitution
b % Association of
ribosomal subunits
c
Wild-type 100 70.0 2.0
None n.d
d 65.7 5.0
Labeled with 50mM
ABA-spermine
52.5 7.0 73.5 5.2
Labeled with 300mM
ABA-spermine
15.8 3.0 22.5 3.7
a5S rRNA samples were 30-labeled with [
32P] before reconstitution into
50S particles.
bThe values of % reconstitution have been normalized to the yield of
reconstitution achieved with wild-type 5S rRNA.
cNative 30S subunits were added in a two-molar excess over 50S
particles in order to yield the maximum level of association. The yield
of association is expressed as % of the 50S particle input.
dNo material with 50S sedimentation coeﬃcient was detected in these
experiments. Instead, 47S particles were obtained and a heavy shoulder
of about 62S was seen upon their association with 30S subunits.
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were incubated for 20min at 378C with tRNA
Phe (molar
ratio to ribosomes 2:1) in order to pre-ﬁll the P-site.
Chemical protection assays veriﬁed that tRNA
Phe sampled
the classical P/P binding state. Using [
32P]tRNA
Phe,
we found that occupation of the P-site in this complex
(P-complex) ranged from 40% to 75%, depending on the
5S rRNA species (photolabeled or wild-type) and the ionic
conditions used. Subsequently, Ac[
3H]Phe-tRNA was
added (molar ratio 2:1) and incubated for an additional
20min at 378C to allow non-enzymatic A-site binding
(PRE-complex). Ribosomal complexes prepared in this
way were reactive against puromycin to  20%. In
addition, chemical protection assays indicated very low,
<10%, but measurable protection of nucleoside 5
mC2394
in 23S rRNA (E-site) against DMS, while radioactivity
measurements detected no release of the bound [
32P]
isotope from the ribosome. This means that more than
80% of the bound AcPhe-tRNA sampled the classical
A/A binding state. Our results are in agreement with
previous observations that N-protected aminoacyl-tRNAs
bound in a pre-translocation state on the ribosome
generally occupy the classical A/A site (38). The small
amount of AcPhe-tRNA which was reactive toward
puromycin, probably translocating spontaneously from
the A/A to the P/P site during preparation of the PRE-
complexes, was measured in each case and taken into
account in data processing. Translocation was studied in
buﬀer B containing 0.12mM GTP, in the absence or in the
presence of 50mM spermine. Spermine 50mM was chosen
on the basis of previous ﬁndings that such a concentration
is optimum for translocation (28). EF-G at 15nM
promoted relatively fast translocation that was almost
complete within 2min, independently of whether free
spermine was present or absent. In the absence of EF-G,
however, translocation was much slower and proceeded in
a linear fashion at least up to 30min. Spermine either free
or covalently bound to 5S rRNA improved spontaneous
translocation (Figure 4A). To examine the eﬀect of
spermine on EF-G requirements for eﬃcient transloca-
tion, increasing amounts of EF-G were added in buﬀer B
containing PRE-complex at ﬁxed concentration, and
translocation was allowed to proceed for 5min at 258C.
As shown in Figure 4B, the extent of translocation in each
Table 3. Eﬀect of ABA-spermine cross-linking in 5S rRNA of poly(U)-
programmed ribosomes on their capacity for AcPhe-tRNA binding and
PTase activity
Ribosomal species
a P-site bound
AcPhe-tRNA
per ribosome
b
A-site bound
AcPhe-tRNA
per ribosome
b
PTase activity
c
(mM
 1min
 1)
Unlabeled (-spermine) 0.171 0.008 0.092 0.006 3.16 0.18
Unlabeled
(+50mM spermine)
0.420 0.028 0.190 0.014 5.12 0.32
Labeled in 5S rRNA 0.218 0.023 0.100 0.010 4.07 0.20
Labeled in 5S rRNA
(+50mM spermine)
0.407 0.015 0.185 0.014 5.01 0.25
Deprived of 5S rRNA
(-spermine)
0.051 0.005 0.004 0.003 0.30 0.02
Deprived of 5S rRNA
(+50mM spermine)
0.071 0.005 0.006 0.003 0.35 0.02
a70S ribosomes were prepared from reconstituted 50S ribosomal
subunits and native 30S subunits. For the preparation of 5S rRNA-
deprived ribosomes, 47S ribosomal particles instead of 50S subunit
were associated with native 30S subunits.
bBinding was monitored in 200ml of buﬀer B containing 0.4mM GTP,
83.2pmol Ac[
3H]Phe-tRNA and 83.2 pmol 70S or 62S poly(U)-
programmed ribosomes pre-ﬁlled (A-site binding) or not pre-ﬁlled
(total binding) at their P-site by tRNA
Phe. The Ac[
3H]Phe-tRNA
binding at 258C was measured by nitrocellulose ﬁltration. The P-site
bound AcPhe-tRNA was estimated from the total binding by titration
with puromycin.
cEach species of POST-complex reacted with puromycin in buﬀer B.
When desired, 50mM spermine was also included in the reaction
mixture. The PTase activity was estimated by the ratio kcat/Ks.
Figure 4. Eﬀect of ABA-spermine cross-linking to 5S rRNA on
translocation. (A) Time course of spontaneous translocation. Aliquots
of PRE-complex , i.e. poly(U)-programmed 70S ribosomes occupied at
their P- and A-sites with tRNA
Phe and Ac[
3H]Phe-tRNA, respectively,
possessing (squares) wild-type or (circles) photolabeled 5S rRNA by
50mM ABA-spermine, were incubated at 258C for the indicated time
intervals, in buﬀer B containing 0.12mM GTP, (ﬁlled symbols) in the
presence or (open symbols) in the absence of 50mM free spermine.
(B) Dependence of translocation on EF-G concentration. PRE-complex
was incubated with diﬀerent amounts of EF-G for 5min at 258C.
The symbols are the same as those used in (A). In each plot,
translocation of 100% represents conversion of all PRE-complex into
POST-complex.
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plateau at high concentrations of EF-G. Nevertheless,
the concentration of EF-G at which 50% translocation
was achieved, diﬀered. Namely, PRE-complexes exposed
to free spermine or possessing covalently bound spermine
at their 5S rRNA required lower concentrations of EF-G
for eﬃcient translocation.
The sparing eﬀect of spermine on EF-G-requirements
could be explained either by a beneﬁcial eﬀect of spermine
on the binding of EF-G to ribosomes, and/or by an
inﬂuence of spermine on the ribosome-dependent GTP
hydrolysis catalyzed by EF-G. To clear this point, we
applied the following two approaches: First, we used
fusidic acid, an antibiotic that binds to the EF-G GDP-
ribosome complex and prevents dissociation of
EF-G GDP from the ribosome. Under these conditions,
the EF-G GDP-ribosome complex is stalled in a post-
translocation state (39). Employment of [a-
32P] GTP in
the assay allows the indirect estimation of EF-G binding,
by measuring the trapped radioactivity on ribosomes
relative to controls incubated in the absence of EF-G. The
results from these experiments are summarized in Table 4.
It is evident that exposure of whole PRE-complexes to free
spermine or covalent attachment of spermine to their 5S
rRNA promotes EF-G binding. Similar treatment of
P-complex or empty ribosomes results in analogous
improvement of EF-G binding. Nevertheless, it is
apparent from the data shown in Table 4 that the
interaction of EF-G with the ribosome is generally
stimulated when deacylated tRNA occupies the P-site. In
agreement with previous observations (22), ribosomes
deprived of 5S rRNA were almost inactive to bind EF-G.
Second, the capacity of PRE-complex to activate hydro-
lysis of GTP by EF-G was determined. As shown in
Figure 5, the initial velocity of the reaction was found to
be almost identical for either ribosomes reconstituted with
wild-type or ribosomes containing photolabeled 5S
rRNA, and similar to that possessed by native ribosomes,
regardless of whether free spermine was present or not in
the reaction mixture [compare panels (A) and (B) in
Figure 5]. Similar behavior was exhibited by P-complex
and empty ribosomes (Figure 5C). In agreement with
previous studies (36,40), empty ribosomes or PRE-
complex were less active in stimulating the GTPase
activity of EF-G, compared with P-complex.
Interestingly, ribosomal complexes deprived of 5S rRNA
exhibited considerably reduced eﬃciency to activate the
GTP hydrolysis by EF-G, much less than that reported by
Dohme and Nierhaus (23).
DISCUSSION
In the present study, mapping of spermine binding sites in
5S rRNA was achieved by a photoaﬃnity labeling
approach combined with primer extension analysis. The
rationale is that attachment of ABA-spermine to a
nucleoside acts as a barrier for reverse transcriptase.
This technique bypasses several disadvantages associated
with other cross-linking methods utilizing homobifunc-
tional reagents (41,42). It has been successfully applied so
far for mapping spermine binding sites in AcPhe-tRNA
free or bound to the P-site of E. coli ribosomes (34), as
well as in ribosomal proteins (27) and 16S and 23S rRNA
naked or incorporated into ribosomes (28,32). It should be
mentioned that, apart from monovalent and divalent
cations, polyamines too are important components of the
ionic environment of ribosomes, playing an essential role
in the structural integrity of ribosomes and hence, in
translational accuracy and eﬃciency (43). Although the
existence of spermine in E. coli cells is questionable
(44,45), accumulated evidence supports the notion that
almost all of the cellular functions of the naturally
occurring polyamines can be fulﬁlled by spermine (43).
On the other hand, due to its four positive charges and the
hydrogen bonds aﬀorded by its primary and secondary
amines, spermine is the most eﬀective polyamine in
stabilizing the RNA folding. Therefore, it can be
experimentally used in micromolar concentrations,
a very advantageous fact in bypassing artifacts associated
with non-speciﬁc binding, frequently encountered in the
application of photolabeling techniques.
The number of ABA-spermine cross-linking sites in 5S
rRNA, determined in the present study by primer
extension analysis, is higher than that calculated by
Hill-plot analysis. This contradiction can be explained
by the fact that apparently diﬀerent cross-links localized
to adjacent positions in the structure of 5S rRNA may
represent the same binding site. To some degree, non-
speciﬁc binding may also account for it. In fact,
as revealed by competition experiments using natural
polyamines (Figure 3) or Mg
2+ ions as competitors, most
of the cross-linking sites appear to be speciﬁc. The
remaining sites are placed on the cytosolic surface of the
Table 4. Binding of EF-G GTP complex to native and reconstituted
ribosomes
Ribosomal species
a EF-G GTP bound per ribosome
b
-spermine +spermine
PRE- P- empty PRE- P- empty
Native 0.48 0.79 0.52 0.93 0.98 0.94
5S rRNA-deprived 0.02 – – 0.09 – –
Reconstituted with
wild-type 5S-rRNA
0.17 0.25 0.19 0.44 0.57 0.48
Reconstituted with
photolabeled
5S-rRNA
0.37 0.54 0.40 0.42 0.52 0.45
aRibosomal complexes were prepared from native subunits, or from
native 30S subunits and reconstituted 50S subunits (the latter with wild-
type or modiﬁed 5S rRNA by 50mM ABA-spermine). For the
preparation of poly(U)-programmed 62S ribosomes, 5S rRNA was
omitted during the reconstitution of the large ribosomal subunit.
bThe binding mixture (12ml) contained 40mM HEPES-KOH, pH 7.2,
6mM magnesium acetate, 100mM NH4Cl, 6mM 2-mercaptoethanol,
1.6pmol ribosomal complex, 1mM EF-G, 10mM GTP, 5mCi
of [a-
32P]GTP, 0.5mM fusidic acid and, when desired, 50mM spermine.
The mixture was incubated at 258C for 30min. The binding was
measured by nitrocellulose ﬁltration. Controls run in parallel without
EF-G, were subtracted. The values corresponding to each binding state
(PRE-complex, P-complex, empty ribosomes) have been corrected for
the interference by coexisting ribosomal complexes.
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central protuberance (U32, A52, and A53) or are located
in deﬁned electro-negative pockets (A73, U80).
Nevertheless, independent of the speciﬁcity, polyamine
binding to certain regions may be beneﬁcial for the
stabilization of the 5S rRNA tertiary structure and its
communication with functional regions of 23S rRNA.
Noteworthy is the binding of spermine within and around
loop E, a region implicated in the binding of ribosomal
protein L25. Crystal structure analysis of 5S rRNA
fragments encompassing the loop E sequence, alone (46)
or in complex with protein L25 (47), has demonstrated
that loop E contains seven non-Watson–Crick base-pairs
stabilized by several Mg
2+ ions. Interestingly, molecular
dynamics simulations revealed extensive binding of
monovalent ions in the 5S rRNA loop E motif, even in
the presence of 4–5mM Mg
2+ (48,49). Most of the
monovalent ion binding sites coincide (G98, U80) or are in
close proximity (G105, G72, U77) to cross-linking sites of
ABA-spermine. Another issue of importance is related to
the occupancy of distant sites from the symmetry center
(the G75-A101 pair) by freely diﬀusing ligands, like
charged chemical groups belonging to proteins or drugs.
Indeed, in a complex of L25 with a 5S rRNA fragment
studied by Lu and Steitz (47), an amino group of L25
binds close to U80. Therefore, polyamine binding to this
site may modulate directly the interaction of 5S rRNA
with protein L25. In contrast, sites located close to the
symmetry center display high electronegative potential.
This implies that ions associated with these regions may be
more diﬃcult to displace. In line, we observed that binding
of ABA-spermine to A73 is highly resistant to competition
by monovalent cations. Other examples of cross-linking,
which may interfere in protein binding, are related to
helices II and III, and loops B and C. Crystallographic
studies (6–8) as well as foot printing and cross-linking data
[reviewed in (9)] have indicated that these regions
constitute the primary binding sites for proteins L5 and
L18. Detailed analysis of Thermus thermophilus ribosomal
protein L5 in complex with a 34-nt fragment comprising
helix III and loop C of E. coli 5S rRNA revealed that
nucleosides C42 and C43 are involved in both hydro-
phobic interactions and hydrogen bonding with no polar
and side chain atoms of L5, respectively (50). It is note-
worthy that these residues of loop C are susceptible to
ABA-spermine cross-linking, regardless of the 5S rRNA
assembly status or the photoprobe concentration.
Photolabeling of 5S rRNA with 50mM ABA-spermine
causes profound changes in the susceptibility of several
nucleosides in 5S rRNA against DMS (Table 1).
Therefore, it is tempting to suggest that binding of
spermine to 5S rRNA promotes changes in its folding.
Figure 5. Eﬀect of ABA-spermine cross-linking to 5S rRNA on
the capacity of ribosomes to activate EF-G-catalyzed GTP hydrolysis.
(A) Time course of GTP hydrolysis in the presence of 50mM spermine.
The reaction was carried out at 48C in buﬀer B (15ml) containing
1.6pmol of PRE-complex formed either from (ﬁlled circles) native 30S
and 50S subunits, or from native 30S subunits and 50S subunits
reconstituted from (ﬁlled squares) wild-type 5S rRNA, (open circles)
photolabeled 5S rRNA by 50mM ABA-spermine, or (open squares)
deprived of 5S rRNA; 8.8pmol of EF-G, 50mM GTP, 5mCi of
[a-
32P]GTP (400Ci/mmol), and 50mM spermine. An aliquot (3ml) was
withdrawn at each time-point and the reaction stopped by adding 1ml
of 11M formic acid. The reaction products were analyzed by thinlayer
chromatography on PEI-cellulose F, as described in Materials
and Methods section. (B) Time course of GTP hydrolysis in the
absence of spermine. The reactions were performed and analyzed as
in (A), but in the absence of spermine. (C) Time course of GTP
hydrolysis, using (diamonds) P-complex or (triangles) empty 70S
ribosomes. The ribosomal complexes were formed from native 30S
subunits and 50S subunits reconstituted from (open symbols) wild-type
5S rRNA or (ﬁlled symbols) 5S rRNA photolabeled by 50mM ABA-
spermine. The reactions were performed and analyzed as in (B). The
data presented in panels (A), (B) and (C) have been corrected for the
interference by other species coexisting with the ribosomal complex
under investigation.
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structure, while loops C, D, E and helix III achieve a more
tight structure. These ﬁndings are consistent with previous
observations obtained by means of calorimetric studies
(24,25). Photolabeling of 5S rRNA with 300mM ABA-
spermine results to a conformer, which does not meet the
operational deﬁnition of the ‘A’ form (51). 50S subunits
reconstituted from 5S rRNA modiﬁed in this way
associate with native small ribosomal subunits at low
yield (Table 2) and are functionally inactive.
The yield of the 50S rRNA subunit reconstitution
obtained by 5S rRNA photolabeled with 50mM ABA-
spermine was found to be approximately half that
achieved with wild-type 5S rRNA. Kakegawa et al. (52)
indicated that the in vitro reconstitution of 50S particles
from 23S rRNA, 5S rRNA and TP50 is not inﬂuenced
greatly by polyamines. On the other hand, there is
evidence that 5S rRNA undergoes conformational
changes during its assembly into the central protuberance
of the 50S subunit (37). In agreement, we observed that
some of the ABA-spermine crosslinks in 5S rRNA get
more pronounced in the 50S subunit than in the isolated
state, clearly indicating that 5S rRNA undergoes con-
formational changes upon incorporation into ribosomes.
Therefore, it is tempting to suggest that ABA-spermine
cross-linking, although not directly aﬀecting the recon-
stitution process, may hinder the required conformational
changes by stabilizing a rigid conformation in 5S rRNA.
In support of this hypothesis, labeling of 5S rRNA with
300mM ABA-spermine reduces further its incorporation
into 50S subunits. In contrast to 50S subunits containing
5S rRNA photolabeled with ABA-spermine at 300mM,
those assembled from 5S rRNA photolabeled with ABA-
spermine at 50mM were fully active in associating with
native 30S subunits.
The loop B !loop C arm in 5S rRNA is the most
aﬀected region by ABA-spermine photolabeling. A great
body of experimental data has previously demonstrated
that this region participates in several signal transmission
chains connecting 5S rRNA with P-site-bound tRNA. For
instance, this region binds protein L5 which interacts with
the T-loop of P-site bound tRNA (5–8,19,50). Our data
show that photolabeling of 5S rRNA with 50mM ABA-
spermine results in a subtle but visible stimulation of the
AcPhe-tRNA binding to the P-site. Binding to the A-site is
not aﬀected, albeit loop B !loop C arm is near the tip of
H38 of 23S rRNA (15) which communicates via protein
S13 of the small subunit (bridge B1a) with the anticodon
region of A-site-bound tRNA. In fact, several studies
revealed that loss of contacts between protein S13 and
H38 has little consequences on tRNA binding (53–56).
Whole ribosomes containing either wild-type or photo-
labeled 5S rRNA, exhibit greater capacity for AcPhe-
tRNA binding to the A-site in the presence of free
spermine than in its absence. In this case, however, 30S
subunit and AcPhe-tRNA also interact with spermine, a
fact that favors tRNA binding (32). In agreement with
previous ﬁndings (23), we observed that omission of 5S
rRNA from the large subunit suppresses AcPhe-tRNA
binding, in particular to the A-site. Such ribosomes,
even though provided with free spermine, cannot recover
from the lack of 5S rRNA.
Ribosomes containing photolabeled 5S rRNA exhibit
30% higher PTase activity than those containing wild-type
5S rRNA. Catalysis of peptide bond formation is
mediated almost entirely through precise alignment of
the A- and P-substrates within the active center, coupled
to substrate-assisted catalysis (57). Therefore, it is tempt-
ing to suggest that besides the eﬀect of the 5S rRNA
photolabeling on the aﬃnity of P-site, the signals
transmitted from 5S rRNA via protein L5 to the P-site
may also aﬀect the functional positioning of AcPhe-tRNA
within the catalytic center. Since the aﬃnity of puromycin
for the A-site is not altered upon 5S rRNA photolabelel-
ing, analogous eﬀects on the A-site cannot be postulated.
Ribosomes deprived of 5S rRNA retain 10% of their
PTase activity, in agreement with previous observations
according to which 5S rRNA enhances ribosomal activity
(22,23) but is not absolutely essential for it (58).
Spontaneous translocation is an inherent property of
the ribosome itself, even though extremely slow (59,60).
This is veriﬁed by the present work, also showing that
reversible interaction of spermine with whole ribosomes or
covalent binding of ABA-spermine to 5S rRNA stimulate
EF-G-independent translocation. This prompted us
to suggest that certain changes in the folding of
ribosomal RNA may be beneﬁcial to the translocation
of tRNAs. Supporting evidence is provided by DMS-
protection results, indicating that the region around the
G1338-U1341 ridge in the small-subunit head and A790
terminal loop in the platform achieves a more ‘open’-
structure upon ABA-spermine photo-incorporation.
Crystallographic studies in E. coli ribosomes have
postulated that the gap left between the G1338-U1341
ridge and A790 operates as a ‘lock’, controlling the
passage of the P-site tRNA anticodon stem-loop (8,61).
Steady-state data derived in the present work show that
translocation in the presence of high concentrations of
EF-G and GTP is fast, even in the absence of polyamines.
Therefore, monitoring the ABA-spermine cross-linking
eﬀect on EF-G-dependent translocation is impossible,
without using rapid kinetic techniques. Following an
alternative approach, we found that interaction of
spermine with the whole ribosome or with its 5S rRNA
has a sparing eﬀect on EF-G requirements. Further
experiments revealed that photoincorporation of ABA-
spermine into 5S rRNA does not aﬀect the initial rate of
EF-G catalyzed GTP hydrolysis by 70S ribosomes, but
enhances the binding of EF-G to ribosomes. In agreement
with previous observations (22,23), we found that ribo-
somes deprived of 5S rRNA retain some EF-G-dependent
GTPase activity but are unable to bind eﬃciently EF-G,
even in the presence of spermine. The EF-G binding site in
ribosome consists of the GTPase-associated center (GAC)
located in domain II of 23S rRNA (helices H42-H44) and
the sarcin–ricin loop (SRL) located in domain VI of 23S
rRNA (helix H95) (1). Direct contacts of 5S rRNA with
GAC, SRL or EF-G have not been identiﬁed so far in
E. coli ribosomes. Nevertheless, accumulated evidence
suggests that several allosteric signal transmission path-
ways set 5S rRNA oﬀ coordinating the PTase reaction
Nucleic Acids Research, 2007, Vol. 35, No. 15 5117with subsequent EF-G GTP binding and GTP hydrolysis
(12–18,62).
In conclusion, a comprehensive view of the 5S rRNA
nucleotide residues involved in spermine binding is
obtained by the present study. The results suggest that
binding of spermine to 5S rRNA causes conformational
changes in certain regions of the molecule. Consequently,
these changes have beneﬁcial eﬀects on the ribosome
functioning. The general improvement observed in various
functional tests is an important argument that the
identiﬁed sites in 5S rRNA may have an important
functional relevance to the overall active structure of the
ribosome.
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